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We propose and discuss the phenomenology of a Topcolor-assisted Technicolor (TC2) model with 
qq , a flavor-universal hypercharge sector. After discussing the symmetry breaking pattern and low- 

energy effective Lagrangian, we examine various experimental and theoretical constraints, finding 
that precision electroweak measurements yield the strongest bounds on the model. We perform a 
£\J , combined fit to all available Z-pole and LEP2 data and find that the goodness of fit for hypercharge- 

universal topcolor is comparable to that of the Standard Model. In contrast, TC2 models with a 
flavor non-universal hypercharge sectors are markedly disfavored by the data. 
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I. INTRODUCTION 



Although the Standard Model is an excellent low-energy effective theory, that describes data at currently accessible 
qj '■ energies extremely well, underlying theoretical problems presented by fundamental scalar bosons, such as the hierarchy 
and triviality problems, suggest that additional physics must describe the dynamics of electroweak symmetry breaking. 
The large mass of the top quark has suggested that formation of a top quark condensate could be responsible for all 
[II 9 [3] [4] 5] 6] 7] [8] or at least part 0] of electroweak symmetry breaking (for a review, see [H|). An interesting class 
of models involving a role for the top quark in dynamical electroweak symmetry breaking is known as topcolor-assisted 
|>. ; technicolor (TC2) [|, Hl| . In these theories, a technicolor condensate provides masses to the weak vector bosons and 
. an extended technicolor (ETC) sector gives mass to the light quarks and leptons - and a bottom-quark-sized mass to 
the top. The majority of the top quark mass (and a small portion of the mass of the W and Z) is due to formation 
of a top-quark condensate through the dynamics of an extended color gauge sector. The presence of an extended 
hypercharge sector ensures that the bottom quark (and other Standard fermions) do not also condense. In this paper, 
we will introduce a new model of this kind, discuss its phenomenology, and compare it to the existing TC2 models. 
The gauge group of the TC2 models diseussed here is 



SU{N) TC ® SU (3)i <g> SU{3) 2 ® SU(2) W $ J7(l)i <g> U(l) 2 . (1.1) 
9tc h x h 2 g g[ g' 2 

where the name of the gauge charge is given below each group. 

The technicolor sector is primarily responsible for electroweak symmetry breaking; technicolor is assumed to reside 
within an ETC model that is entirely responsible for the masses and mixings of the first and second generation 
quarks and all of the leptons. The technicolor sector is primarily responsible for electroweak symmetry breaking; 
as is typical for TC2 models [l(|, we assume a walking technicolor sector that does not generate large precision 
electroweak correetions. In turn, technicolor is assumed to reside within an ETC model that is entirely responsible 
for the masses and mbdngs of the first and second generations and all of the leptons; because ETC need not generate 
large quark masses, the usual FCNC constraints on the ETC scale are alleviated [H]]- The third generation quarks 
can, as diseussed shortly, receive additional mass contributions from the topcolor sector. The strong sector consists 
of the semi-simple group SU(3) 1 ® SU(3) 2 which is spontaneously broken to its diagonal subgroup (identified with 
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SU(3)qcd) at a scale u of order a few TeV. The third generation quarks always transform under the stronger SU(3) 1 
group; the color group for the first and second-generation quarks is model-dependent. The weak interactions are 
represented by an SU(2)w group, under which all of the quarks and leptons have their Standard charges. Finally, the 
hypercharge sector consists of the semi-simple group U(l) 1 <g> U(l) 2 which is spontaneously broken to U(l) Y also at 
the scale u. Again, the third-generation fermions always transform under U(l)i while the hypercharge group for the 
first and second generation fermions is model-dependent. 
The symmetry-breaking sequence for the models is thus 



SU{N) TC ® SI7(3)i O SU(3) 2 ® SU(2) L ® <g> U(l) 2 

i - 

SU{N) TC O SU{3) c <8> SU(2) L <g> C/(l)y 
SU(N) TC ® SC/(3) C O C/(l) ero . 



(1.2) 



The spontaneous breaking of color and hypercharge to their diagonal subgroups at the scale m is driven by a condensate 
that is charged under the strong and hypercharge groups (but not under the weak or technicolor groups). The 
breaking of the remaining electroweak group to its electromagnetic subgroup is driven by a combination of a top- 
quark condensate and a technifermion condensate. Since there are six gauge groups and three symmetry-breakings 
(color, hypercharge, electroweak), we expect that 9 parameters will be needed to describe the gauge sector; four are 
the conventional a s , a, Gf, and M z of the Standard model, while the rest describe new physics. 

The formation of the top condensate occurs at an energy below the scale of spontaneous symmetry breaking of the 
topcolor group, u. Hence, the interactions among top quarks can be described using the Nambu-Jona-Lasinio (NJL) 
approximation 12] HJ , in which topgluon exchange is modeled as a four-fermi interaction scaled by the size of the 
topgluon coupling and mass. In this approximation, we will be able to write down a Dyson-Schwinger "gap" equation 
describing the generation of a dynamical mass for the top quark and to determine the range of gauge couplings for 
which only the top quark obtains a mass. We will see that the larger the topgluon mass is compared to the top quark 
mass, the closer the topcolor coupling will be driven to its critical value, the minimum value for which condensation 
formation is possible (neglecting the impact of the extended hypercharge group). This is a form of fine tuning [141 ] . In 
addition, in the NJL approximation the Pagels-Stokar formula [l5| relates the scale A where an interaction becomes 
strong (approximately the Topcolor scale), the (top-)pion decay constant /, and the dynamical mass m (in our case 
the top mass) generated by the formation of the condensate: 



07T" 2 m z 



(1.3) 



in the limit m <C A. Because the top quark's mass is known, this relationship will allow us to determine the size of the 
top condensate's contribution to electroweak symmetry breaking. We will find that electroweak symmetry breaking 
is still driven primarily by technicolor as the name TC2 suggests. Effects of the uncertainty in the Pagels-Stokar 
estimate of f t are discussed in section ITV B 41 

In the original or "classic" TC2 model [9|, [Uj , both the color and hypercharge interactions are flavor non-universal, 
treating the third-generation fermions differently than the lighter fermions as shown in Table U (lcft). The lack of 
flavor-universality leads to strong constraints from flavor-changing neutral currents (FCNC) and b-quark physics as 
discussed in [17| [H| ■ In "flavor-universal" TC2 [l9jpoj[2l|. which has a flavor-universal color sector but flavor 
non-universal hypercharge, as in Tablefl] (right), the flavor constraints are less stringent plj [22l|. 
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TABLE I: Gauge charge assignments for fermions of generations I, II and III in the classic 0, [TT|] and flavor-universal |2ll ] 
Topcolor models. The entry "SM" indicates a charge assignment corresponding to that in the Standard Model. A dash 
indicates that the fermion is not charged under the gauge group. 



Since those models were introduced, a wealth of experimental data on precision electroweak observables has been 
accumulated - which now provides the strongest source of constraints on TC2. Accordingly, this paper introduces 
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a third TC2 model, termed "hypercharge-universal" , in which the extended color interactions single out the third 
generation (as in classic TC2) but the extended hypercharge interactions are generation universal, as shown in Tablo 
UU We will demonstrate that this model is in better accord with precision electroweak data than the previous TC2 
models that featured generation non-universal Z' bosons. 
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TABLE II: Gauge charge assignments for fermions of generations I, II and III in the hypercharge-universal topcolor model 
introduced in this paper. The entry "SM" indicates a charge assignment corresponding to that in the Standard Model. 

In the next section, we analyze topcolor and hypercharge symmetry breaking in the hypercharge-universal topcolor- 
assisted technicolor model, including a brief discussion of constraints on the effective theory below the topgluon mass. 
In section III we analyze electroweak symmetry breaking in the model, and in section IV we present an analysis of 
the constraints arising from precision electroweak data. Section V updates the constraints on the TC2 models with 
flavor non-universal Z' bosons. Our conclusions are presented in section VI. 



II. THE HYPERCHARGE-UNIVERSAL TOPCOLOR MODEL 



We now discuss the spontaneous breaking of the extended color and hypercharge groups and construct the effective 
Lagrangian describing physics below the topgluon mass scale. We show that, in the NJL approximation, the model 
(like classic and flavor-universal TC2) does admit the possibility of forming a top condensate without having other 
fermion condense. We also estimate the constraint on the modcl's parameter space from the need to avoid the U(l)i 
Landau pole, remain consistent with LEP2 limits on four-fermion contact interactions, and avoid large FCNC. 



A. Topcolor Symmetry Breaking 

At the scale u, SU(3)i <£> SU (3)2 and U(l)i ® U(l)2 break to their respective diagonal subgroups, which we 
associate with SU(3)qcd and U(l)y- The condensate responsible for this symmetry breaking is taken to transform 

as a ^3,3, ^= ,— -^/^j under these interactions, where p is an arbitrary U(l) charge of order 1. The mass-squared 

matrix for the colored gauge-bosons is then 




(II.4) 



Dcfining cosr? = h\/y/h\ + h\ and sinry = /12/ ' \/h\ + we obtain for the mass eigenstates (massive topgluons) 
and G^ (massless fields identified with the QCD gluons), the relations 

C^=cos77^-sin77^ G* = smr)A^ + cosr? A^. (11.5) 

The mass of the topgluon is 

M c = u^hl + h 2 2 , (II.6) 

and the coupling of the gluon (g g) is given by 

9S = , 9 = hi sinr/ = h 2 cosr) . (II. 7) 
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In the limit v <§C u, a similar analysis can be made for the U (1) fields to zeroth order in v /u. The 2x2 mass-squared 
matrix for the U(l) fields is given by 



p 2 u 2 ( g'\ -g' ^2 
2 \ -g' 19*2 g' l 



(II.8) 

g 2 j 

Dcfining cos</> = g' \l \J g'\ + g'\ and sin0 = g' <il \l Vi + 9'\i we ma y definc the £7(1) fields 

= cos (f) B% + sin <$>B{ Z' = - sin B% + cos Sf . (II.9) 

Before electroweak symmetry breaking occurs, the Z' ± corresponds to the (massless) Standard model hypercharge 
field, which couples to Y = Y\ + Y%, with strength 

9 = i 9 ,f 2 ,9 = si sin0 = g' 2 cos0 . 
V Si + 52 

The orthogonal field, Z', acquires the mass 



Mz> = P ^g? + g'i. (H.10) 

A complete analysis of the neutral gauge-boson sector, including electroweak symmetry breaking, will be considered 
below in section BlI Al 



B. The Topgluon and Z' Effective Lagrangians 

At energies below scale u, exchange of the massive topgluon and Z' bosons between fermion currents can be described 
by a low-energy effective Lagrangian. We will derive the form of this effective Lagrangian for the Hypercharge- 
Universal Topcolor model; four-fermion interactions induced by topgluon exchange will treat the third generation 
diffcrcntly while those induced by Z' exchange will be flavor-universal in form. As described in [Hj [la| [2lj . the 
effective Lagrangians for the classic and flavor-universal Topcolor models differ from the one we derive here, due to 
the alternative fermion charge assignmcnts. 

The fermion kinetic energy term includes interactions between fermion currents and the mass-eigenstate topgluon 
and gluon fields 



^ q i 0q i = ...-Cp^-Gp^, (11.11) 

i=I,II,III 



where qi denotes a quark in generation i and the currents are defined as follows, with the fermion charges of table UU 
taken into account: 

J C* 1 = gs cotr)q n iY^-q ln - g s tan r\ {qin^^-qii + qi^ l ^-qi) ( n - 12 ) 



If we definc 



k 3 = a s ( ^- ) = a s cot 2 77 (H.14) 



with as = Q% j 4tt, then eqn. 1 2|) can be rewritten 

\A \A \A 



J$* = (y^mn^qiu - ^={qill^qn + 9/7^?/)) ■ (H.15) 



At energies well below the topgluon mass, one obtains the effective Lagrangian term 

1 



C C = -^J^J^ (11.16) 



5 



which includes the symmetry factor for two identical currents. The corresponding result for the hypercharge sector is 

2 

'-Z' — — , r9 K l 



M% 



i=i,ii,in 



(11.17) 



Ki = Oly 



(11.18) 



where ay = g /2 /47r and f i denotes any quark or lepton of generation i. 

We require four parameters, in addition to those of the Standard model, to describe the new color and hypercharge 
physics discussed so far (two extra gauge couplings, the new symmetry-breaking scale, and the hypercharge of the 
condensate associated with that scale). We choose to write these as Ki, n 3 ,p and the scale u to be consistent with 
[2lj . We therefore re-express the topgluon (|II.6|) and the Z' masses (jll.lOj) in terms of these parameters, using Eqns. 
(III. Vf) and (jll.lOp . The following equalities 



h\ = 47t(k 3 +q s ) , 
g[ 2 = 47r (m + a Y ) 



allow us to write 



h\ = 47T— (k 3 + as) 

/ 2 . OLy . 

g 2 = Att — (Ki+ctY) 



(11.19) 



M c = u \ j — (k 3 + a s ) , 

/ 7T 

M z' — pu. — (ki + a Y ) ■ 
V «i 



(11.20) 



C. The Gap Triangle 



We now introduce the gap equation that describes the self-consistent dynamical generation of fermion masses in 
the Nambu-Jona-Lasinio approximation [l§] [UI • This has the overall form of the gap equation in ref. [2l[ , but the 
coupling factors are modified to reflect the universal Z' and non-universal topgluons of the hypercharge-universal 
model: 



m f = G\ 



1 - 



f m f 



\M Z 



ln 



Ml 



G 3 



3m/M, 
8tt 2 



m f 
Mc 



ln 



Ml 



(11.21) 



where the coefficients Gi are 



Gi = -$rKiYl Yl for all fermions, 



G, = 



Mi, k 3 



M; 



-K 3 



for leptons, 

for quark generations I and II, 
for quark generation III. 



and we define hypercharge as Q = T 3 + Y. In order for a fermion to condense, its gap equation (|II.21|) must have a 
solution for m/>0. Accordingly we expect condensation, only if 



1 < 



1 



3G 3 M£) 



87r2 {G.Ml 

Evaluating this for each fermion species yields constraints on k\ and n 3 . The three most stringent are: 



(11.22) 



K3 + 27 Kl > 3 71 "' 
1 2 

«3 - ^K X < 

Ki < 2n. 



(11.23) 

(11.24) 
(11.25) 
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Equation pi.23[) must hold if the top quark is to condense; equations 24[) and (|II.25|) must be fulfillcd in order 
to avoid bottom quark or rdepton condensation, respectively. In contrast, avoiding charm quark condensation, for 
instance, imposes the less stringent constraint 



Ki 



27 al n 

2 K 3 



(11.26) 



The above gap equations only take into account the Z' and topgluon interactions in the NJL Lagrangian. A more 
complete description would also include the electromagnetic and the QCD interaction by using the gauged NJL model 
dUdl]. The result is a shift [H [26| [27[ [1| of the equations pi.23IIII.25p , analogous to the findings in ref. [Hj]: 



«3 H Ki > — 7r aq ay, 

J 27 3 3 9 ' 

12 4 2 
n 3 -- Kl < r --a s + -ay, 

Ki < 2tt — 6ay. 



(11.27) 

(11.28) 
(11.29) 



The diffcrence is not great for larger values of n\ but is important when m is small; as we shall shortly see, experiment 
favors the latter. 
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FIG. 1: The Gap Triangle corresponding to eqns. pi.27HII.29ll lies between the solid lines (i) the lower bound for (bb) — 0, (ii) 
the upper bound for (fr) = and (iii) the lower bound for (it) 7^ 0. The values ay(Mz) = 0.010 and as(Mz) = 0.118 from 
ref. [29| were used in the calculations. The dashed line represents a solution of the gap equation for the scale u = 500 GeV and 
p = 1 for a dynamical top mass of mt ~ 170 GeV. Solutions for higher scales lie to the left of this line. 



The three incqualities are simultaneously satisfied inside a nearly-triangular region (the "gap triangle" ) in the n\ — k 3 
plane, as shown in Figure[TJ While the entire gap triangle can formally allow a top condensate to be generated, other 
considerations indicate that the phenomenologically relevant region lies near the left-hand boundary determined by 
eqn. (|II.27|1 . as we shall now discuss. The dimensionful scales in the gap equation, eqn. (|II.2ip are Mc,z', and are 
hence of order u. For generic values of the couplings which satisfy eqn. (|II.27|1 . therefore, one will obtain a top quark 
mass of order u. For our theory to approximate the Standard model, however, u must lie significantly above the weak 
scale. To obtain m t ^ u, therefore, the model must be in the area adjacent to the left-hand side of the gap triangle. 
Using eqns. (|II.20|) in the gauged NJL version of eqn. (|II.21[) gives a relation between n\ and K3 for a given (desired) 
dynamical fermion mass rrif, scale u and hypercharge factor p. Since the top mass is known to be (172.5 ± 2.3) GeV 
[2^ and the dynamical mass contribution coming from Extended Technicolor can be estimated 11] to be of the order 
of a few GeV, the Topcolor sector of our model must give a dynamical mass contribution of around 170 GeV. The 
dashed line in Fig. [1] shows the solution to the gauged version of the gap equation 2 1 [) with this dynamical mass 
for p = 1 and u — 500 GeV; solutions for scales above 500 GeV would lie even closer to the left hand side of the gap 
triangle, which is approached in the limit u — > 00. 
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D. Preliminary Constraints 

Next, we will discuss the constraints on the parameters of the hypercharge-universal topcolor-assisted technicolor 
model arising from having sufficiently weakly-coupled U(l) gauge interactions, from searches for contact-interactions, 
and from the absence of large flavor-changing neutral currents. 

1. Absence of a Landau Pole 

To avoid conflict with the Landau pole for hypercharge group U(l) 1 , the value of k\ must be relatively small. Just 
as in QED, fermion-loop corrections to the gauge boson propagator cause the coupling constant g[ of the U(l) 1 group 
[44j to run. Working in the MS renormalization scheme, in which the running coupling is independent of the fermion 
masses, the beta function is 



(11.30) 



where fj, is the energy scale in MS and C is the sum over the squared hypercharges of all fermions (lcft and right 
handed). Summing over the charges of all three fermion generations, we find C = 5 for the hypercharge-universal 
topcolor model. Integrating eqn. (|II.30|) yields the scale dependent coupling at an arbitrary scale A, if we know the 
coupling at another scale A : 



6^<?i(Aorin 



The running coupling thus exhibits a Landau pole for A = A^, 



_A 

Ao 



(11.31) 



A L = A exp 



6tt 2 



= Ao exp 



3tt 



2C( Kl (A ) + ay(A )) 



(11.32) 



where eqn. pi.l9|) has been used to obtain the right-most expression. For the theory to be self-consistent, the Landau 
pole Al should be at an energy scale well above the symmetry breaking scale u. Taking Ao ~ u and C = 5, we 
find that if A^ is to lie at least 2 ordcrs of magnitude above u, we must require K\ < 0.2. This constraint will be 
superseded by the precision electroweak bounds. 



2. Limits from Four- Fermion Contact Interactions 

Experimcntal limits on contact interactions provide a lower limit on the Z' mass as a function of K\. Published 
analyses of the relevant data assumes an effective Lagrangian of the general form 



4-7T 



(l+<^) 2 ^ 



(11.33) 



where S = 1 if / is an electron and 6 = otherwise. The coefficient 77^ has the value ±1 corresponding to constructive 
(destructive) interference. Comparing this effective Lagrangian with the relevant terms of the low-energy interaction 
due to Z' exchange in our model (jll. 1 7(1 . we find the correspondence 



M z , = A 



s a n \ Y !i] 



(11.34) 



The LEP Electroweak Working Group (LEP EWWG) analysis of possible contact interaction contributions to 



// [20( quotes experimental lower bounds on the various A 



s a n l Y fi 



corresponding to different fermion chiralities 



and flavors. Given the faetors of hypercharge appearing in eqn. pi.34[) , the strongest of the LEP EWWG limits on 
this model comes from the process e^e^, — > where l = fx,r: 



A RR > 9.3 TeV corresponding to M' z > 9.3 ^ TeV 



(11.35) 



s 



A separate analysis reported in ref. [31[ combines data from HERA, LEP, and atomic parity violation to reach limits 
on new contact interactions; in this case, the strongest limit for this model comes from e^e^ — > urUr. 

A-rr > 17.9 TeV corresponding to M' z > 14.6 y/J^TeV . (11.36) 
We will find in Section IV that precision electroweak tests impose even stronger constraints on M z' ■ 



3. Flavor Changing Neutral Currents: KK and BB mixing 

The effective Lagrangian for topgluon exchange, eqn. (|II.16[1 . induces flavor changing neutral currents (FCNC) at 
tree level. To estimate the size of the FCNC, we assume a mixing only between the left-handed down-type quark 
fields (e. g. as consistent with the discussion in [l8|) and use the CKM matrix of the SM to approximate the size of 
the mixing. The relevant piece of (|II.16|> is then as follows, where the quark fields di are mass eigenstates 



C 



2tt 

M 2 



$ L v^ z r^v zk d k L 



% { ^v^r^v lk d k L + d j V^ j2 7 ^V 2k d k L 



(11.37) 



The terms contributing to K K mixing are 



'As=2 



2tt 

m 2 



V n3 V 



32 



as 



(y fll V 12 + V n2 V 22 ) 



x d L Y 



-sl 



Applying a Fiertz transformation and a trace identity for the Gell-Mann matrices yields 



(11.38) 



(11.39) 



n Tc (M c ,K 3 ) 



2tt 
3M 2 



7^V tl3 V 32 



« s 



(V ni V 12 + V n2 V 22 ) 



(11.40) 



Rather than using this result to compute the topcolor contribution to the K L K° mass difference directly, we will 
compare the coefhcient Sl Tc to the coefhcient il SM that multiplies the same AS = 2 operator in the SM: 



SM 



^/2 4tt sin 2 9 



J2 (V ni V i2 ) 



J2v ni v l2 v nj v f - 



(11.41) 



where Xi = m 2 /My, and the indices i, j run over the up, charm and top quark flavors. In order to retain agreement with 
experiment, the extra contribution from topcolor should not exceed that already present in the SM (i. e. Sl Tc < Q SM ). 
We effect the comparison using the following values of the magnitudes of the CKM elements, calculated from the 
measured [2!| \V u( i\, \V u b\ and |V c h| using the Standard parametrization of the CKM matrbc [32j 



0.9738 0.2275 0.00431 \ 
i I -0.2275 0.9729 0.0416 

0.005271 -0.04149 0.9991 / 



(11.42) 



The solid line in Fig.[2]shows the resulting lower bound on Mc as a function of k 3 , if we require f2 Tc w Q SM and 
set as(Mz) = 0.118. Due to this constraint, Mc > 1 TeV. The analogous calculation for BB mbdng (making the 
replacements s — > d and d — * b) yields a stronger constraint shown by the dashed line of Fig. [5J Mq ^6 — 8 TeV. 
This limit is consistent with the results obtained by [l8[ for classic TC2 where both the topgluons and Z' contribute 
to tree- level FCNC. In Section IV, thesc limits will be superseded by those from precision electroweak data. 
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FIG. 2: Lower bound for Mc due to iC'A' (solid line) and B B (dashed line) mixing as a function of K3. 



III. ELECTROWEAK SYMMETRY BREAKING AND VARIABLES 

A. Electroweak Symmetry Breaking 

We now consider the electroweak neutral-boson sector in greater detail. The complete pattern of electroweak 
breaking is: 

SU(2) L <8 [7(l)i ® U(l) 2 
i u 

SU(2) L <g> U(1) Y (111.43) 
i v 

A" 

U(l) em . 



In order to calculate the effects of this extended gauge structure on electroweak processes, we begin by constructing 
a new basis for the neutral electroweak gauge-bosons. The electroweak covariant derivative may be written in tcrms 
of the original gauge eigenstates as 



d» + ig T a W£ + ig[ Yi B? + ig' 2 Y 2 B%. 



(111.44) 



Since the electric charge operator Q = T3+Y = T$+Yi+Y 2 rcmains unbroken, it is useful to rewrite (III. 44) in terms 
of the massless EM-field and two orthogonal neutral fields. First we use mbdng angle <f> to rotate the hypercharge 
bosons (see eqn. pi.9jl ) 



Z' x = cos <f> B% + sin tf> B% Z' = - sin B% + cos , 



(111.45) 



where Z' ± couples to Y = Y\ + Y 2 and is orthogonal to the massive Z' introduced in section ITl Al Then we use angle 9 
to define the states 



= cos 6 Z f + sin 6 Wg Z' 1 = - sin 6 Z'f + cos 9 Wg. 
In terms of these two mixing angles, the gauge couplings may be expressed as 



9 



9x 



9 



sm t/ sin <p sm <p cos f 

where e is the electromagnetic coupling, given by 

1111 

e 2 g 2 9i g 2 



9 2 



9 



COS COS COS ( 



(111.46) 



(111.47) 



(111.48) 
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In this rotated basis, we may rewrite the covariant derivative (|III.44[) as 

£>" = d" + ig T a W£ + ieA"Q + i — ^ -Z" (T 3 - sin 2 9 Q) + i — — t -Z'^Y', (111.49) 

cm H r*r\a H * ' pao H ciri A\ r>r\a sh 



where Y' = li — K sin 2 0. 

Following the procedure outlined in ref. [l4| . we may now evaluate the mass-matrices for the gauge-bosons. The 
W boson mass may be written 

M w = j^-rzWt) , (IH.50) 
4 sin 

where (TiTi) denotes the electroweak symmetry breaking condensate that couples to the charged-boson gauge fields. 
Given the size of the W boson mass, we note that the numerical value of this condensate is (TiTi) = v 2 m (250 GeV) 2 . 
In a topcolor assisted technicolor model, electroweak symmetry-breaking rises from both a technifermion and top 
condensate. We therefore expect 

(TiTi) = (TiT±)tc + (TiTi) top (111.51) 
= F* c + f? , (111.52) 

where Ftc and f t are the technicolor and topcolor F-constants, analogous to /„. in QCD. In analogy with the definition 
of tan/3 in two-Higgs-doublet models, we define an angle a by Ftc = vcosa and f t = w sin a. This angle a (or, 
equivalently, / t ) is the fifth and final parameter needed to describe all of the physics beyond the SM in our model. 
Note that /t is determined by the topcolor dynamics through the Pagels-Stokar relation [lj| as mentioned in the 
Introduction. 

From the gauge-boson couplings in eqn. (|III.49jl . we find the neutral-boson mass matrix in the Z - Z' basis to be 

m 2 p2 ( (T3T3) s in<j>cos<J>( T3Y ) I /TTT ro\ 

Z 4 sin 2 9 cos2 9 [ -r^-r {T 3 Y>) . f f 6 a a (^^0 / ' 

\sin(pcos<p\ ' sin^ cos^ \ '/ 

where we note that electric charge Q is unbroken, and therefore all terms involving the condensate coupling to Q must 
vanish. Furthermore, by custodial symmetry, {T\Ti) = (T2T2) = (T3T3), allowing us to evaluate the upper left-hand 
element as having the value v 2 . 

Next, consider the off-diagonal elements proportional to (T3Y'), 

(T 3 Y') - (T 3 (Y! - Y sin 2 <j>)) (111.54) 
= (T 3 (Yi-(Q-T 3 )sm 2 0) (111.55) 
= (TaYt) + (T 3 T 3 ) sin 2 . (111.56) 

This matrix element receives contributions both from technifermion and top condensates. To minimize the size of 
electroweak corrections, we will assume that the technicolor sector couplings to U(l)i are isospin symmetric (33J, in 
which case (T^Y^tc — 0, yielding a technicolor contribution 

(T 3 Y'}tc = v 2 cos 2 a sin 2 <j) . (111.57) 

For the top-quark, Y\ = Y = Q — T3, yielding the topcolor contribution 

(T 3 Y')top = -(T 3 T 3 ) top cos 2 = -v 2 sin 2 a cos 2 <f> . (111.58) 

Combining these two contributions, and simplifying, we find 

(T 3 F') = w 2 (cos 2 a - cos 2 0) . (111.59) 

Lastly, we consider the bottom right-hand element (Y'Y'). This element receives contributions from the U(l)i x 
U (1)2 breaking at scale m, as well as from electroweak symmetry breaking at scale v. In what follows, we will be 
interested in computing the mass and couplings of the light Z boson including corrections up to order v 2 /u 2 and the 
mass and couplings of the heavy Z' boson to leading order only. Thus, we need only keep the contribution to this 
matrix element arising from scale u - an analysis completed in section fll Al above. Comparing with eqn. (jll.lOjl . we 
see that 



{Y'Y') h p 2 u 2 



(111.60) 
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For the mass-squared matrix of the Z and Z' bosons, we then find 

_ e 2 p 2 u 2 ( x 2 ^sf^ (cos 2 a - cos 2 <f) \ 

Z 4 sin 2 9 cos 2 9 \x 2 -T 9 * (cos 2 a - cos 2 0) . ™ a » i' 1 J 

\ sin cos V ™/ sin cos- / 

where we have introduced the small parameter x 2 = v 2 /p 2 u 2 <C 1. Note that the smallness of x 2 will be justified in 
section TlV A[ when we apply experimental bounds from electroweak measurements to our model. 
The mass eigenstates of the mass matrix (jIII.61[) to lcading order in x 2 are then: 

— x 2 Sin0C ° S0 (cos 2 a - cos 2 cf) Z'», (111.62) 

^ _^ z ,» + x 2 sin^cos^ , 2 a _ cQg2 . ^ 
sm y v ' 

From now on we will always mean the above mass eigenstates when we refer to Z or Z' . Expanding the masses of the 
Z- and Z'-bosons from the mass matrbc to linear order in x 2 we find 

2 2 

r2 _ eV ( \ J2{„ 2 „, „2 ^ 2 

and, in agreement with pi.lOp 



M z = T-^2 T~a \ l ~ x cos 2 a - cos 2 </) . (111.64) 

4 sm cos 



2 2 2 2 2 

eVtr ^ /2 ,2 



4 cos 2 6 sm «p cos 2 <p 4 V / 

By inserting the mass eigenstate of the Z boson in our expression for the covariant derivative (|III.49[) . we see that 
the coupling of the Z to fermions gets shifted to: 



g z = a .^a^a t 7 * ~ Q sin2 6 ' ~ ^ ( Yl ~ sin2 ( cos2 01 ~ cos2 ^)] (111.66) 
[T 3 - sin 2 6» - x 2 r cos 2 (cos 2 a - cos 2 <j>)] , (111.67) 



sm W cos t 

e 



sm f cos t 



where in the second line we exploited the fact that Y = Y\ for all fermions in our hypercharge-universal topcolor 
model. The coupling of the Z' to fermions is 

M' = ^T^~A A ( Fl - Sin2 = A Y = Y ( IIL68 ) 

cos u sm <p cos <fi v ' cos sm <p 

where we neglect order x 2 corrections since Z' exchange is already suppressed relative to Z exchange by the much 
heavier Z' mass (Aff/Af§, oc x 2 ). Therefore the form of the Z' effective Lagrangian remains as in eqn. (|II.17|) . 



B. Calculation of the Electroweak Parameters 

A common parametrization of universal corrections [45| to Standard Model electroweak scattering processes is 
provided by the quantities S, T, Ap and 5, which are defined [35| with reference to general expressions for the 
tree-level neutral current 

- M NC = e 2 ^ + ( ni. 6 9) 

+ V2G F 44 T 3 T' 3 + 4V2G F {Ap - aT) (Q - T 3 )(Q' - T' 3 ), 
s c 

and charged-current electroweak scattering amplitudcs 

(fr- + r-r+)/ 2 ^ j* <t*t- + t-i») 

b 



e 2 16n j ^ + 4^G F ( X + W, 
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with P 2 a Euclidean momentum-squared. In this section, we calculate how these parameters depend on the beyond- 
the-standard- model degrees of freedom in our topcolor theory: [sina,sin0, u, p} or [ft, Ki,u,p\. 

We immediately note that S = in our model, since the model does not include an extra SU (2) triplet state. Thus, 
the only corrections to charged-current scattering arise from the S parameter. 

The specific form of the neutral current amplitudo in our model includes contributions from photon, Z, and Z' 
exchange 

- m »c^ + p4mI + W <raJ1) 

Using the previously-derived expressions for g z (|III.67[) and M z (IIII.64[) , we can write the Z-exchange term in terms 
of the model parameters as 

9 2 7 , x2 (T 3 -s 2 Q) (T' 3 -s 2 Q') 

z -4^(1 + Ai) 2 V „ 7 ■ 7 ; (HI.72) 



where we have defined 



P 2 + M 2 1J P 2 + v 2 n%(l-A 2 

Ai = x 2 cos 2 4> (cos" a — cos" 
A 2 = x 2 (cos 2 a - cos 2 <f) (111.73) 



/4 



„2 



and also derived the relationship 



4 sin 8 cos 2 6> 



., sin 2 6 + Ai 



s --lTaT- (IIL74) 



Comparing the coefficient of the momentum-squared in the denominator with the equivalent expression in (|III.69[) 
yields the following expression for aS to lcading order in x 2 : 

aS = 4x 2 (cos 2 a - cos 2 <j>) cos 2 <f> cos 2 9 (111.75) 

Likewise, comparing the constant term in the denominator with the equivalent expression in (|III.69j) tells us 

aT = x 2 (cos 4 a - cos 4 0) (111.76) 

To calculate Ap, we consider the Z' exchange contribution to the neutral currents, and recall our previously-derived 
expressions for the Z' mass pil.65|) and coupling constant pil.68jl 

^ - x 2 ^ cos 4 q> YY' = \{Ap~aT)YY' . (111.77) 



Mf, 



Inserting our expression for aT enables us to isolate Ap: 

Ap = x 2 cos 4 a . (111.78) 

There is also a contribution to Ap from topgluon exchange aeross the top and bottom quark loops of the W and Z 
vacuum polarization diagrams (cf. [2l| ) 

(IIL79) 

H 3sm 2 e w \M c M z J V ; 

But due to the large topgluon mass, this contribution to Ap turns out to be negligible compared to the tree-level Z' 
contribution. 
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C. The Weak-Mixing-Angle 



Next, we need to relate the theoretical quantity sin 9, which appears in our expressions for S, T, and Ap, to 
observables. For most purposes, we will find it most convenient to use a definition that relies on the best-measured 
electroweak quantities, a, Gp, and Mz 

sin 2 z cos 2 6 z = ™ = • (111.80) 
V2G F M 2 

Recalling v 2 — 1/v2Gj? and using the Z mass from pil.641) . we find to leading order in x 2 

• 2/, -2/, 2 Sin 2 COS 2 / 2 2 A 2 , TTT 

sm 2 6> z = sm 2 6» + z 2 5— (cos 2 a - cos 2 6) . (III. 81) 

cos 2 9 — sin 9 

In studying the shift of the W mass, it is easier to use the Sirlin definition of the weak mixing angle, which may be 
evaluated in our model using eqns. pil.64[) and (|III.50|) 



Myy n . 2 2 n I 2 2 < \ 2 

M 2 " 



cos 2 9 W = — |- = cos 2 9 + x 2 cos 2 9 (cos 2 a - cos 2 <p) . (111.82) 
'z 



Combining this with eqn. (|III.8ip yields 



„ cos 4 9z (cos 2 a — cos 2 d>) 

cos 2 W = cos 2 9 z + x 2 i- , y; , 111.83 

cos 2 Z - sm 9 z 



In deriving this last relation, we took advantage of the fact that the difference between sin 2 9, sin 2 9z, s 2 and sin 2 9\y 
is of order x 2 , so that any definition of the weak-mixing-angle may be used inside terms proportional to x 2 . 



IV. PRECISION ELECTROWEAK FITS 



A. Observables and Model Parameters 



Although the Standard Model is only a low-energy effective theory, it nonetheless describes all data at accessible 
energies so well that the deviations new physics would cause in electroweak observables are constrained to be no larger 
than one-loop corrections within the Standard Model. In testing the predictions of our topcolor models against the 
precision electroweak data, we will therefore write the theoretical values of observables as the one-loop SM value plus 
the tree-level corrections from the new physics: 

O th = 1 s -£ op + SO new . (IV.84) 

or, equivalently, 

O th = 0\l l r (l + ^) , (IV.85) 

where in the denominator of the correction term, O^f suffices at the required level of accuracy. 

For any specific observable Oi, it is conventional to parametrize the corrections due to new physics in terms of aS, 
aT, aS and Ap: 

Of = O]~ loop + a t aS + haT + c.aS + d t Ap. (IV.86) 

where the coefficients a» , bi , Cj , di are specific to that observable. Since the oblique corrections aS and aT are defined 
as corrections to the SM with some particular reference Higgs mass, we must specify a value of Mn,ref- While 
dynamical models of electroweak symmetry breaking, such as topcolor-assisted technicolor, do not include a Higgs 
boson as such, the Higgs doublet's role in unitarizing the scattering of longitudinal electroweak gauge bosons is played 
by composite resonances like the techni-rho [36|, [37( . As these resonances have masses of order a TeV, we will use 

M H,ref _ g 00i 150Q Q eV ^ 

Since our objective is to determine how precision electroweak data constrain our topcolor model, we use the 
previously defined relationships (|III.75I IIII.76I IIII.78[) to re-write the theoretical prediction for each observable in 
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terms of the model's parameters. The four extra degrees of freedom in the electroweak sector were previously denoted 
as Ki,u,p,ft, here, it is more convenient to replace k% by cos0 and f t by cosa. In addition, we find that the Of 1 
depend on the product pu rather than on the two separate variables; accordingly, we replace them by the previously- 
defined quantity x = v/pu. Thus the Oj h depend explicitly only on three model parameters: cos0, cosa, and x. For 
example, we obtain the following expression for the Z decay width to any species of charged lepton 

T* V = rl+l°° p SM [l + x 2 (1.1962 cos 4 a - 0.8478 cos 2 a cos 2 cf> - 0.3484 cos 4 <j))} , (IV.87) 

and for the total Z width we have 

T lot = r t 1 ot!sM [! + ^ 2 (1-3506 cos 4 a- 1.5152 cos 2 a cos 2 + 0.1646 cos 4 <j))} .. (IV.88) 

In each case, the one-loop SM result is obtained using ZFITTER(38 | [39 ] and SMATASY [H, which also takes into 
account the phase space factors for massive fmal-state fermions; values are in the tables in the Appendbc. As another 
example, the mass shift for the W boson 

1 Jnnn ( 1 9 COS 2 B Z (cOS 2 U — COS 2 <£) 2 \ 

M W = M^ loop [l + -x 2 ^ . 2fl ' ■ (IV.89) 

V 2 cos z B z — sm B z j 

is obtained by starting from eqn. (|III.83j) . 

While the Of 1 depend on three model parameters, as discussed above, it happens that we can capture the essential 
physics with a two-parameter fit to x and cos0 by setting cosa to a fixed value. The Pagels-Stokar formula [l5| that 
relates the size of the dynamically-generated top mass mt to the top-quark condensate ft and mt 

/^14-4 (IV-90) 
87T- 2 mi 



may be rewritten as 



o _ 3to 2 , u 2 



cos 2 a = 1 - — T^ln— 5, (IV.91) 

8tt 2 v 2 mi 



In this form, we see that cos a varies only logarithmically with u; accordingly, we will fix cos 2 a s» .91 (i. e. f t ~ 75 
GeV), which corresponds to u = 2 TeV. We have checked that the results obtained from the full three-parameter fit 
are consistent with those for the simpler two-parameter fit reported here. 



B. The Fit 



We have performed a two-parameter fit in x 2 and cos 2 <f> for the full set of data shown in the Appendix. Note 
that the fit is linear in a; 2 , but due to the occurrence of cos 4 in the theoretical expressions for the observables, 
non-linear in cos 2 <p. The search for the global minimum of the % 2 function in the physically allowed region of the 
two parameters (x 2 > and < cos 2 cj> < 1) reveals that the minimum is actually on the boundary at cos 2 = 
and x 2 = 0.0035 corresponding to a Xmin = 48.88. For cos 2 4> so near to zero, we can treat the fit as linear in 
cos 2 <j) for purposes of statistical interpretation of the results. Since we have 35 observables and do a fit in two 
parameters, we have Xmin/ cl -0-f- — 48.88/33 = 1.48, corresponding to a 3.7% of obtaining a Xmin 01 a ^ least this 
size if our model is the correct description of the data. For purposes of comparison, we note that when we fit the 
same data set to the SM, with a reference Higgs mass of 115 GeV, we obtain nearly the same probability: 3.5% 
(x 1 2 nin /d.o.f. = 51.58/35 = 1.47), while a fit to the SM with a reference Higgs mass of 800 GeV yields a probability of 
essentially zero (x 2 nin /d.o.f. = 139.6/35 = 3.99). 

To aid in interpretation, we may also rephrase our results in terms of the variables «i and pu. As figure[3]shows, 
Ki is restricted to a value less than 1.2 x 10 -3 at 95% c.l. . It is worth recalling that the coupling of the Z' boson to 
fermions has strength ^/AttkIY (see (|III.68[) ): this is of order .05 for k\ = .001. At the same time, pu must lie between 
about 3.48 TeV and 4.86 TeV. Values of pu this large are clearly in accord with our prior assumption that x 2 <C 1; in 
fact, we find x 2 < 0.005 at 95% c.l. . Note that the presence of an upper bound on pu is actually consistent with the 
fact that our expressions for the observables reduce to their SM values as u — > oo (rather than simply when Ki — > 0). 
We have used a reference Higgs mass of 800 GeV in order to rcflcct the dynamical origin of electroweak symmetry 
breaking in TC2. However, as mentioned earlier, the fit of the SM with an 800 GeV Higgs to this data is quite poor; 
the SM fit s the current data best [3(j, for the much lower Higgs mass of approximately 80 GeV. 
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FIG. 3: The solid (dashed) curve shows the restriction on model parameter space obtained from a fit of all Z pole and off-pole 
data listed in the first two tables of the Appendix for an 800 GeV (1500 GeV) reference Higgs mass. The region outside the 
parabola is excluded at 95% c.l. . 



1. Bounds on M z i 

Translating the constraint on pu into a limit on the Z' boson mass as a function of K\ using eqn. (|II.20|) yields the 
results shown in Fig. 0J We observe that Z' masses less than 2.08 TeV (2.12 TeV) are excluded at a confidence level 
of 95% when using a Higgs mass of 800 GeV (1500 GeV). The data do not provide an upper bound on Mz 1 because 
the best-fit value of K\ is zero and Mz> oc 1/ \f~Ki for Ki-values small compared to uy ~ 0.01 (from eqn. pi.20[l ). 
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FIG. 4: The solid (dashed) curve shows limits on the Z' mass as a function of Ki resulting from a fit of all Z pole and off-pole 
data listed in the first two tables of the Appendbc for an 800 GeV (1500 GeV) reference Higgs mass. Values outside the 
boomerang shaped region are excluded at 95% c.l. . 

Precision electroweak data clearly provide a stronger lower bound on Mz' than the contact interactions discussed 
in section lllD 21 Moreover, direct searches for Z' bosons also give weaker limits than the precision data. The present 
CDF limit on a "sequential" Z' boson with standard-model-strength couplings to fermions is Mz< > 923 GeV [4l| ; 
the CDF limit on our Z' would be even weaker since the couplings between the hypercharge-universal Z' and fermions 
are smaller than those for a sequential Z' by faetors ranging from 1.5 for right-handed electrons to 15 for left-handed 
quarks. We estimate (a ■ B)tC2 ~ .24(<r • B) seqi implying that the direct lower bound on the Z' mass is of order 800 
GeV. By way of comparison, we note that the limit lies between the CDF limit on the E6 Z' bosons Z\ and Z' x , as 
might be expected from a comparison of the various Z' bosons' couplings along the lines discussed in [42j. 
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2. Interpretation using Standard electroweak parameters 

Our bounds may also be understood in terms of the Standard parametrization of the electroweak corrections which 
we calculated in section lHIBl 

aS = 4x 2 (cos 2 a — cos 2 4>) cos 2 <j> cos 2 9 
olT = x 2 (cos 4 a — cos 4 <fi) 
Ap = x 2 cos 4 a. 

Since the best fit value for cos 2 <j> is zero, Ap w aT and 5^0. Fixing cos 2 a by the Pagel-Stokar relation, eqn. PV.91I) . 
gives T w 0.4 for the best fit value x 2 — 0.0035. The experimental bounds on S and T are commonly illustrated as 
an ellipse in the S -T plane for a given reference Higgs mass. Some of these plots (See, e. g., Fig. E. 2 in ref. [30j.) also 
show how contributions from a very large Higgs mass would puli the Standard Model prediction outside the region 
defined by the experimental bounds. For a (reference) Higgs mass of around 1 TeV new physics adding ~ 0.4 to the 
value of T is required to move the theoretical prediction back into the experimentally-favored ellipse. This is why the 
presence, in our model, of new physics that persists in the limit cos 2 <p — > is important. 

3. The gap triangle and M c 

Generating the desired top-quark condcnsate (and only a top condensate) has placed the model within the gap 
triangle in the K3-K1 plane (Fig. [T]). Moreover, as discussed in section lll Cl the known top mass confines K\ and K3 
to the region near the lcft-hand side of the gap triangle (which includes the lower tip) whcn the scalc pu is of order a 
TeV or more. We have now found that pu > 3 TeV and also that ki < 10~ 3 . This means the model is now restricted 
to the lower tip of the gap triangle, where K3 w 1.9 is close to its critical value for the gauged NJL approximation to 
the gap equations. 

We now consider the implications for the mass of the topgluon. Examining eqn. (|II.20|) we see that M c depends 
linear ly on u but less strongly on k 3 . Moreover, the discussion above has made clear that the k 3 must have a value 
very close to 1.9. Fbdng K3 and allowing pu to vary in the range suggested by Fig. [3] (3.48 TeV < pu < 4.86 TeV), we 
estimate 18 TeV < M c < 25 TeV for p = 1. This is well above the bound we obtained from FCNC in section lll D 31 

4- Effects of top-pions in TC2 models 

As discussed in [17J, top-pion exchange affects the value of Rb predicted by TC2 models, with the shift depending 
markedly on the mass assumed for the top-pions. We have performed an additional fit to the Hypercharge-Universal 
TC2 model, including this effect for various top-pion masses. 

For a given top-pion mass, we read (or extrapolated) the fractional shift in Rb from the first figure in [17] . and 
modified the predicted value of R f b h accordingly. Because the shift in Rb tends to decrease the predicted value relative 
to the SM prediction, the fit probability for the minimum value of x 2 is reduced. For example, assuming M Wt as 900 
GeV, the fit probability becomes 0.25%; the top-pion mass for which the fit probability is 1% is M nt 1200 GeV. As 
shown in figure 5, the allowed range of «1 and Mz> is very slightly altered by inclusion of this shift in Rb, such that 
the lower bound on Mz> becomes 2.05 TeV. 

However, as also discussed in [ItJ , whilc the presence and sign of the effect of top-pions on Rb is certain, the size of 
the effect is not. In fact, it is quite sensitive to several factors that are hard to evaluate precisely: the value of / t , the 
value of rriETC: an d a radiative correction factor due to topcolor gauge interactions. For instance, as [13 notes, if the 
value of /t were about twice as large as the Pagels-Stokar formula suggests, then the shift in Rb would be smaller by 
a factor of 6.7. In this case, Hypercharge-Universal TC2 would yield a fit probability of 1% for M nt w 250 GeV and 
3% for w 900 GeV. As shown in figure 5, the allowed region of K\ and Mz 1 is noticably shifted by the changed 
value of f t (but still not much affected by the value of M„ t ), such that the lower bound on Mz> becomes 1.68 TeV. 

Overall, we conclude that the Hypercharge-Universal TC2 model is consistent with the data at hand, within the 
theoretical uncertainties discussed above. As indicated by Figure 5, the bounds on n\ and Mz> are not terribly 
sensitive to these theoretical uncertainties, and the Z' should have a mass and coupling that render it accessible to 
LHC experiments. 
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FIG. 5: Limits on the Z' mass as a function of k\ resulting from a fit of all Z pole and off-pole data listed in the first two tables 
of the Appendix for an 800 GeV reference Higgs mass. Values outside the appropriate boomerang shaped region are excluded 
at 95% c.l. . The overlapping pair of soiid curves corresponds to / t = 75 GeV; the upper one inciudes exchange of a top-pion 
of mass 1200 GeV and lower one does not include top-pion exchange. The overlapping pair of dashed curves corresponds to 
/t = 150 GeV; the upper one inciudes exchange of a top-pion of mass 250 GeV and the lower one does not include top-pion 
exchange. Note that the main effect on the shape and position of the allowed region comes from altering /t. 



V. LIMITS ON THE CLASSIC AND FLAVOR-UNIVERSAL TOPCOLOR MODELS 

For comparison, we briefly look at the Classic and Flavor-Universal TC2 models, which include flavor non-universal 
Z' bosons. Electroweak precision limits on these models were previously obtained in ref . [43| ; at that time, there was 
still a narrow window of parameter space in which a Z' mass below 1 TeV was possible. 

Starting from the general expression for the Z coupling to fermions in eqn. (|III.66j) and using the fermion charge 
assignments of TablelU we see that in the Classic and Flavor-Universal TC2 models, the corrections to the Standard 
Model expressions for third generation fermions are proportional to cos 2 cj>, while the first and second generation 
particles receive a correction proportional to sin 2 <fi. Knowing this enabled us to fit the models with flavor non- 
universal Z' bosons to the data in the last two tables in the Appendix; note that we must now employ the data that 
does not, a priori, assume generation universality. 

Searching for the global minimum of x 2 m the physical region where x 2 > and < cos 2 </> < 1 (and setting 
/t w 75 GeV), we find X 2 nin /d.o.f. = 106/39 = 2.71, corresponding to a probability of order 10~ 8 . The best-fit value 
of cos 2 <j> is close to 0, which forces sin 2 to be of order 1, thereby increasing the difference between the Z boson's 
couplings to fermions in the third generation and those in the first or second generations; given the degree of lepton 
universality displayed by the Z-pole data, it is not surprising that a poor fit results. Including the shift towards more 
negative values of due to top-pion exchange decreases the fit probability still further. The flavor non-universal Z' 
bosons of these TC2 models are simply not concordant with the precision electroweak data. 

VI. CONCLUSIONS 

We have introduced a new topcolor-assisted technicolor with a flavor-universal Z' boson, shown that it is capable 
of producing a top-quark condensate, and studied its phcnomenology. Our analysis shows that precision electroweak 
measurements (including i?t>) provide tight constraints on this model. In the narrow region of parameter space where 
these constraints are satisfied, the bounds from FCNC, contact interactions, and U(l) triviality are automatically 
obeyed. In contrast, we find that precision electroweak constraints now exclude models with flavor-non-universal Z' 

bosons [mim. 

Our TC2 model with a flavor universal hypercharge sector can fit the electroweak data as well as the SM with a 
light Higgs boson. However, the topcolor-symmetry-breaking scale is driven to the value pu ss 4 TeV, which means 
that mt is much lighter than the scale of the dynamics by which it is generated and implies a need for fine tuning 
of the coupling factors n\ and K3. The topgluon coupling factor k 3 is constrained to lie near its critical value of 1.9; 
accordingly, the topgluon mass is of order 20 TeV: too heavy for existing or planned colliders to access directly. The 
Z' coupling factor ki is of order .001 or smaller (the Z' couples to fermions as \JAitn\ Y). The Z' mass must therefore 
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Flavor- Universal 

Experimental Value SM Fit Z' Fit Pull_ 

r z =2.4952+0.0023 GeV 
cr h =4 1.54 +0.037 nb 
R h =20.767 ±0.025 
R b =0.21629+0.00066 
R c =0.1 72 1+0.003 
A P>r =0. 14648+0.00325 
A LRif .=0.1513+0.00207 
A LR ,b =0.923 +0.02 
A L r, c =0.67+0.027 
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FIG. 6: Fits to Z-pole observables in the Hypercharge-Universal TC2 model introduced in this paper. From left to right, the 
columns show the experimental values, the 1-loop SM values Qj~ loop w ith MH,ref = 800 GeV, and the predictions for the TC2 
model with their pulls. The TC2 model fit assumed f t = 75 GeV and M H , re / = 800 GeV. 



lie above 1.6-2 TeV: too heavy for direct production at the Tevatron, but within reach of LHC. 
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APPENDIX: EXPERIMENTAL DATA AND SM PREDICTIONS USED IN OUR ANALYSIS 

This appendix shows the observables uscd to assess each model, along with the experimcntally measured values 
and the predieted values we obtained. The first pair of tables shows Z-pole and LEP II observables as caleulated in 
the hypercharge-universal model introduced in this paper. The second pair contrasts our fit to the SM with a light 
Higgs boson; the third pair contrasts the results for the models with non-flavor-universal Z' bosons. 
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FIG. 7: Fits to LEP II observables at several values of ^J~s in the Hypercharge- Universal TC2 model introduced in this paper. 
From left to right, the columns show the experimental values, the 1-loop SM values Qj~ lo °P w ith M H ,ref = 800 GeV, and the 
predictions for the TC2 model with their pulls. The TC2 model fit assumed f t = 75 GeV and M H , re / = 800 GeV. 
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FIG. 8: 1-loop fits to Z-pole observables in the Standard Model with MH,ref = 115 GeV, showing the experimental values, the 
predicted values, and the pulls. 
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FIG. 9: 1-loop fits to LEP II observables at several values of y/s in the Standard Model with MH,ref = 115 GeV, showing the 
experimental values, the predicted values, and the pulls. 
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FIG. 10: Fits to Z-pole observables in the Classic llj or Flavor-Universal TC2 [2p|. l2"f| model. From left to right, the columns 
show the experimental values, the 1-loop SM values 0\~ oop with Mn.ref ~ 800 GeV, and the predictions for the TC2 model 
with their pulls. The TC2 model fit assumed /t = 75 GeV and M H , re f = 800 GeV. 
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FIG. 11: Fits to LEP II observables at several values of y/s in the Classic [TTf] or Flavor-Universal TC2 [2^,[2l|] model. From left 
to right, the columns show the experimental values, the 1-loop SM values 0\~ oop with Mn,ref = 800 GeV, and the predictions 
for the TC2 model with their pulls. The TC2 model fit assumed f t = 75 GeV and M Hyref = 800 GeV. 
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